Xerostomia or dry mouth is one of the most common and disturbing adverse effects following radiotherapy for head and neck cancer (HNC). This complication strongly increases the risk for dental caries, difficulties with chewing, swallowing and sleep disorders with significant impact on patients' quality of life. Current treatment approaches of xerostomia are often difficult and bring in many cases no substantial relief for the patient. This paper discusses the clinical features and current knowledge of xerostomia prevention in order to evaluate the real possibilities of reducing the incidence and severity of this complication in HNC patients. Salivary gland cytoprotectants (amifostine), muscarinic agonist stimulation (pilocarpine and bethanechol), salivary gland-sparing radiation technique (intensity-modulated radiotherapy-IMRT), surgical relocation of the submandibular gland, intraoral stent and stem cell transplantation are promising techniques that are discussed in this study.
Background
Radiotherapy (RT) plays a major role in the curative treatment of HNC, either as single-modality therapy or in combination with chemotherapy, surgery, or both [1] [2] [3] . Despite the more advanced methods of delivery, such as IMRT, the major salivary glands are often irradiated due to the proximity of primary tumors and lymph nodes [4, 5] with several secondary effects that represent a challenge to multidisciplinary teams [6] .
Xerostomia or dry mouth is the most common and prominent symptom complication during and after HNC radiotherapy as a result of salivary gland damage [5, 7] . Approximately 70% of patients receiving HNC radiotherapy develop hyposalivation with significant alteration in volume, consistency and pH of secreted saliva [5] . Due to saliva quantitative and qualitative changes, patients become more vulnerable to oral and dental diseases with important impairment in quality of life [5, 8] . Xerostomia may persist for 6 months to several years after RT. The severity of the damage is depending on the salivary function before treatment, the area of salivary tissue exposed, the total dose radiation and response of each individual [9, 10] .
Literature data regarding xerostomia prevention is still undefined and conflicting results have been shown [2, 8, 11, 12] . Several therapies with different protocols such as cytoprotectants (amifostine), IMRT, cholinergic stimulants, surgical submandibular gland transfer, intraoral stent and stem cell therapies have been targeted against xerostomia. Despite these, there is little substantive improvement in the ability to prevent this complication. The aim of this study was to review current knowledge concerning xerostomia in order to discuss the real perspectives on reducing the incidence and severity of this complication.
Materials and methods
The authors performed a commented Literature revision through a search of PubMed and MEDLINE electronic databases for the following keywords: Head and neck, Radiotherapy, Xerostomia, Salivary glands and prevention. The research was restricted from 1991 to 2016.
Radiation-induced xerostomia
Radiation-induced xerostomia has been reported in the first days of RT, with dose between 2 and 10 Gy in the cervico-facial fields [13] . Clinically, an increase in salivary viscosity has been observed with important impact on the processes of speech, mastication, formation of food bolus and swallowing [9] , (Fig. 1) . In addition, xerostomia increases the risk of oral infections such as candidosis, mucositis, caries, periodontal disease and osteoradionecrosis [14, 12] .
There are several ways of recording salivary gland damage [8] . Measurements of salivary flow rate are the most commonly applied objective measures of hyposalivation [15] . Imaging techniques, such as salivary gland scintigraphy can also be used to evaluate salivary gland dysfunction [8, 16] . However, because xerostomia is defined as a symptom, it is equally important to estimate the subjective appreciation of oral dryness by the patient [15, 16] . Recent evidence suggests that patient self-reported scores, rather than physician-assessed scores, should be the main end points in evaluating xerostomia [16] .
The exact mechanism of the acute radiation-induced salivary gland damage is an enigma. Salivary glands are highly differentiated and slowly dividing tissue and therefore are expected to be relatively radioresistant [17] [18] [19] . It is suggested that early damage may be due to damage to the signal transduction system plasma membrane of acinar cells, compromising the receptor-mediated signaling pathways of water excretion [19, 20] . No immediate cell death takes place. Late xerostomia, on the other hand, may be explained by the damage to the salivary gland stem cells and subsequent lack of proper cell renewal [21, 22] .
Xerostomia prevention therapies Amifostine
Amifostine is an organic thiophosphate that is able to protect cells from radiation damage by scavenging oxygen-derived free radicals. Despite being the only drug approved by FDA (Food and Drugs Association) for radioprotection against xerostomia, the use of amifostine is highly controversial because of its toxicity, compromised tumor control and cost [22] .
Wasserman et al. [23] evaluated 303 HNC patients who underwent RT in an open-label phase III trial. The patients were divided into 2 arms: Control (n = 150) and Amifostine (n = 150). The amifostine arm received (200 mg/m 2 intravenous) 15-30 min before each fraction of RT. Amifostine administration showed a reduced incidence of Grade 2 xerostomia over 2 years of followup (p = 0.002), increase the unstimulated saliva volume (p = 0.011) and improved oral comfort (<0.001). Loco regional control rate, progression-free survival and overall survival were not significantly different between the groups. Similar results have previously been demonstrated in the Brizel et al. [24] study, in which amifostine significantly reduced the incidence of grade 2 acute xerostomia from 78% to 51% and reduced the incidence of grade 3 chronic xerostomia from 57% to 34% without altering disease control or survival. However, severe toxicity was an important issue reported in this trial. Nausea, vomiting, hypotension and allergic reactions were the most common side effects. Fifty-three percent of the patients receiving amifostine had at least one episode of nausea and/or vomiting.
In a study conducted by Rades et al. [25] , 39 patients, who received intravenous amifostine, were evaluated. Of these patients, 16 (41%) had severe toxicity, especially hypotension (11 patients), vomiting (10 patients) and allergic reaction (8 patients). Adverse effects resulted in discontinuation of RT for 1 to 3 days in 4 patients. These authors stated that daily intravenous amifostine was associated with a high rate of serious adverse effects leading to discontinuation of the drug and sometimes delay in RT. Recent studies, however, have demonstrated that subcutaneous administration of amifostine was as effective as intravenous administration and safer considering toxicity [26, 27] . Further research on the benefits of using subcutaneous amifostine is still required.
Systemic sialogogues
The prophylactic use of systemic sialogogues for radiationinduced xerostomia is widely reported in the literature [28] [29] [30] [31] [32] [33] [34] [35] [36] . These drugs are defined as systemic stimulants of salivary gland function by acting directly on the parasympathetic nervous system [19] . With regard to salivary glands, the response to stimulus is dependent on the remaining number of functional acinar cells [37] . Among several systemic sialogogues reported in the literature, this article reviewed the preventive effect of Pilocarpine and Bethanechol. 
Pilocarpine hydrochloride
Pilocarpine hydrochloride is the most widely studied sialogogue in the literature [28, 29, 31, 34, 35] . It is defined as a cholinergic parasympathomimetic agent with action on muscarinic and α/β -adrenergic receptors [17, 38] .
The protective effect of pilocarpine on salivary glands remains unclear. Some authors state that it is pharmacological mediator, with pilocarpine being able to cause depletion of secretory granules in serous cells and consequently decrease radiation-induced salivary damage [17, 28, 29] . Others postulated that pre-treatment with pilocarpine leads to an activation of intracellular signaling pathways [20] .
The study conducted by Valdez et al. [28] was the first randomized double blind clinical trial that evaluated the use of pilocarpine during the course of RT. A total of 9 patients with HNC took either pilocarpine or placebo four times daily for 3 months, beginning the day before RT. The pilocarpine group reported a lower frequency of oral symptoms during RT than the placebo group (p < 0.0001). Similar findings were demonstrated by Zimmerman et al. [29] , who retrospectively compared the subjective post-irradiation scores of patients who received concomitant oral pilocarpine during RT (n = 17) with those of similar cohorts who did not receive pilocarpine (n = 18). The concomitant pilocarpine group received 5 mg pilocarpine four times daily beginning on the first day of RT and continuing for 3 months after completion of treatment. It was observed that patients who used pilocarpine showed significantly less subjective xerostomia in comparison with a similar cohort of patients without the drug.
In a recent systematic review, Yang et al.
[39] evaluated 6 prospective, randomized and controlled trials studying the effect of concomitant administration of pilocarpine for radiation-induced xerostomia. The total number of patients was 369 in the pilocarpine group and 367 in control group. The authors showed that concomitant pilocarpine increases unstimulated salivary flow rate and reduces clinician-rated xerostomia grade after radiation. It also relives patients' xerostomia at 6 months and the adverse effects were mild and tolerable.
Bethanechol chloride
This cholinergic agonist is a carbamic ester of β-methylcholine and is an analogue of acetylcholine. However, in contrast to acetylcholine, bethanechol is resistant to destruction by cholinesterases, which results in more prolonged effects. It shows a similar mechanism of action to pilocarpine, stimulating the parasympathetic nervous system [40] . However, it seems to act more specifically, mainly on the muscarinic receptors, not activating the α/β -adrenergic receptors, as pilocarpine does. Bethanechol is currently indicated for the treatment of postoperative and postpartum urinary retention [41] . It is contraindicated in patients with bronchial asthma, peptic ulcer, hyperthyroidism, pronounced bradycardia, hypotension, patients with coronary artery disease, epilepsy or Parkinson's disease. Adverse effects are rare after oral administration and are dose related [33] .
A study conducted by Jham et al. [40] was the first to evaluate the use of bethanechol concomitant to RT, as a method of preventing xerostomia. These authors studied 55 patients who underwent external beam conventional RT with minimum dose of 45 Gy in one or more major salivary glands. Patients were randomly allocated into oral bethanechol (liberan®) 25 mg, three times a day (Group 1) or artificial saliva (OralBalance®) (Group 2). Bethanechol was administered with irradiation and used until the end of treatment. A significantly high increase in whole resting saliva was observed immediately after RT (p = 0.03) in patients who had received bethanechol. They suggest that the use of bethanechol during RT for HNC is associated with favorable results and it has minimal side effects. However, it was also emphasized that further studies were necessary, comparing bethanechol and pilocarpine in larger samples, in order to determine which drug provided the best cost/benefit ratio.
Our group, in Jaguar et al. study [36] , assessed the prophylactic bethanechol effect in a prospective doubleblind setting in order to reduce or ameliorate xerostomia and hyposalivation. A total of 97 head and neck cancer patients were allocated into two groups: Bethanechol (n = 48) or Placebo (n = 49). The patients took either Bethanechol or Placebo (25 mg tablets) twice a day from the beginning of radiotherapy to 1 month after the treatment. Bethanechol group presented significantly lower xerostomia scores when compared with Placebo group (p < 0.001). Bethanechol therapy also increased the unstimulated/stimulated whole saliva and the mean uptake/ excretion rates of the salivary glands (p < 0.050). The authors suggest that prophylactic use of bethanechol during radiotherapy was found to be effective in decreasing the salivary gland damage with important impact on xerostomia complaint with minimal adverse effect.
Intensity modulated radiation therapy (imrt)
IMRT represents an advanced form of tridimensional conformal RT. With this techinique, part of major salivary glands can be spared from the irradiation field particularly contralateral salivary gland with impact in decrease xerostomia [42, 43] . Several clinical studies using IMRT assessed the dose constraints for salivary gland; however, the literature still shows conflicting results. In the Eisbruch et al. [42] study, the parotid gland that received a mean dose ≤26Gy, recovered the pretreatment salivary production levels one year after RT. Whereas, Chao et al. [44] suggest a mean dose of 32Gy in 50% of the parotid gland volume to recover the salivary output. It is known that after a dose exceeding 52Gy, there is permanent salivary damage [8] . The consensus has been reached that xerostomia can be substantially reduced by limiting the maximum mean dose threshold to 26 Gy for at least one parotid gland.
In spite of technical improvements, about 40% of patients still suffer from symptoms after IMRT [45] . The main difference with this parotid gland-sparing RT is in partial recovery over time. The damaged parotid gland is capable of regaining some of its function in the first 2 years after IMRT, differently of conventional radiotherapy, which results in persistent xerostomia [45, 46] . Recent researches have documented the existence of stem/progenitor cells in the salivary gland [21, [46] [47] [48] [49] . There is evidence that these cells are capable of proliferation, differentiation and also regenerating damaged tissue. Recovery after RT appears to be dependent on the number of remaining stem cells after treatment [49] . LuijK et al. [46] showed that in mice, rats, and humans, stem and progenitor cells reside in the region of the parotid gland containing the major ducts. The inclusion of the ducts in the radiation field led to loss of regenerative capacity, resulting in long-term gland dysfunction with reduced saliva production. These authors suggest that the radiation dose to the region responsible for functional recovery could be reduced substantially using IMRT, with impact in xerostomia prevention.
Over the past 10 years, an increasing number of data has demonstrated the importance of sparing also the submandibular gland from the radiation field, confirming the role of these glands in the patient's subjective sense of moisture [43, 50] . Mean radiation doses to the submandibular gland exceeding 39 Gy cause permanent ablation of both stimulated and unstimulated flow [50] . Saarilahti et al. [51] investigated a total of 36 HNC patients with a mean follow-up of 12 months. All patients had at least one parotid gland excluded from the planned target volume (receiving maximum dose of 25 Gy) and 18 out of 36 patients receiving a mean dose between 20 and 25 Gy had the contralateral submandibular gland spared. It was observed that 12 months after IMRT, the mean of unstimulated saliva flow was 60% of the baseline value among patients who had one submandibular spared versus 25% among those who did not (p = 0.006). Furthermore, a significant reduction in xerostomia complaint was noted in patients whose contralateral submandibular was spared (p = 0,018), and they used fewer saliva substitutes. These authors suggested that submandibular gland sparing by means of IMRT is effective in the prevention of radiationassociated xerostomia.
Despite the submandibular gland-sparing IMRT being considered an effective method to reduce the risk of xerostomia in HNC patients, a potential disadvantage is the possible loco regional recurrence at the site of the spared gland [52] . Because of this, it must be indicated in selected patients so that tumor control is not compromised.
Submandibular gland transplantation
This method was described by Seikaly and Jha in 1999 as a procedure of transferring the contralateral submandibular salivary gland to the submental space outside the proposed radiation field, before starting RT. These authors demonstrated that this surgical procedure is safe, quick, easy, cost effective and a feasible approach to preventing xerostomia. It is based on retrograde flow through the facial vessels. The submandibular gland is released from surrounding structures and then repositioned in the submental space over the anterior belly of the digastric muscle and the border is marked with gauge wire to help identify the gland during RT planning [53] .
Jha et al. [53] conducted a prospective clinical trial with 15 HNC patients who had the submandibular gland transferred to the submental space before RT. It was observed that all salivary glands were functional postsurgery and the patients did not complain of any xerostomia in a follow-up of 1 month after RT. These authors showed that surgical submandibular gland transfer preserves its function and prevents the development of radiation-induced xerostomia. Similar results were found by Jha et al. [54] , who evaluated 43 HNC patients who underwent submandibular salivary gland transfer following RT. The median follow up was 14 months. These authors observed that 81% of the patients had no or minimal xerostomia and 19% developed moderate to severe xerostomia.
In 2004, Pathak et al. [55] compared the salivary output during rest, of patients with transferred and untransferred submandibular glands before and after RT. Baseline salivary outputs of both submandibular glands showed no significant difference. However, after radiation therapy, 73% of the mean salivary rate in transferred gland was preserved, while only 27% was preserved in the untransferred gland (p = 0.000).
A systematic review, conducted by Sood et al. [56] , evaluated in seven articles the efficacy of salivary gland transfer in prevention of xerostomia and maintenance of salivary flow rate after radiation therapy. In a total of 177 patients at mean follow-up of 22.7 months, submandibular transfer prevented xerostomia in 82.7% of patients and twelve months after treatment, unstimulated and stimulated salivary flow rates rose to 88% and 76% of baseline values, respectively.
This technique has been successfully demonstrated as the potential approach to preserving salivary function and prevents radiation-induced xerostomia in HNC patients [54] [55] [56] . However, all authors are unanimous with regard to the patient selection and eligibility criteria (squamous cell carcinoma of the larynx, oropharynx or hypopharynx; clinical and radiologic absence of contralateral neck nodes and expected survival ≥1 year).
Intraoral stent
The intraoral stent is an individualized mouth-opening device, which may be used during HNC RT with the intention of preventing unnecessary irradiation in normal adjacent tissue [57, 58] . Several benefits have been described for the use of this device: It increases the distance between the mandible and the maxilla, focusing the radiation dose more precisely on the target volume, and immobilize the mandible (Fig. 2a,b) . Besides, its production is safe, easy to fabricate and comfortable to wear [58] [59] [60] . Recent studies have investigated the use of this device with the intention of minimizing the adverse effects of radiation, including osteoradionecrosis, oral mucositis and xerostomia [57] [58] [59] [60] [61] .
In 2013, our group at AC Camargo Cancer Center was the first to conduct a dosimetric study [57] in a patient with squamous cell carcinoma of the tongue who underwent IMRT, comparing the tomography computer preirradiation planning with and without the use of the intraoral stent. This study showed that the area of the maxillary teeth, hard palate, both parotid glands and the left submandibular gland were more preserved from the radiation dose with the use of the device than without it, with no effect on the target structure. Interestingly, after 6 months of RT, the patient reported an improvement in xerostomia severity, probably a resulted of the lower radiation dose in both parotid and submandibular glands, due to depressing the mandible.
In 2014, another study [58] conducted for our group evaluated the real benefit of intraoral stent in 33 patients with tongue or floor of the mouth cancer who underwent IMRT in a retrospective setting. The patients were divided into two groups: group 1 (with stent, n = 19) and group 2 (without stent, n = 14). The mean dose in maxilla was significantly lower in group 1 (20.9Gy) than in group 2 (35.8Gy) (p = 0.05). The mean dose in ipsilateral parotid was 35.0Gy in group 1 versus 41.8Gy in group 2 (p = 0.05). The authors concluded that the use of this device, in combination with IMRT, reduces even more the radiation dose in the glandular tissue with possible impact in salivary changes.
A study conducted by Goel et al. [61] was the first prospective trial to evaluate the efficacy of positioning stents in order to minimize the potential clinical effects of conventional external beam radiation on oral tissues. Patients with tongue cancer were allocated into a study group 352 (n = 24), where the patients wore intraoral stents during RT, and into a control group (n = 24). The radiation side effects were assessed over a period of 60 days from the beginning of RT. The use of intraoral stent during RT for tongue cancer was associated with significantly lower occurrence of mucositis (p < 0.01), xerostomia (p = 0.06) and salivary changes (p = 0.039) compared to the control group. These authors stated that the lower occurrence of mucositis and xerostomia probably resulted from the exclusion of the maxilla and the parotid glands from the radiation field by depressing the mandible with the positioning stent.
The exact indication for the use of intraoral-stents is still controversial. Some authors indicate their use only during tongue cancer radiation therapy [59] [60] [61] ; whereas others show them to be of benefit in tumors located in the floor of the mouth [58] and nasopharyngeal [62] . In Verrone et al. [58] opinion, this device must be referred to in all tumor cases that present healthy contralateral structures (maxilla or mandible) that need to be spared from dose irradiation with no reduced effect in the prescribed dose to the target volume. Long-term prospective studies are needed to evaluate not only the real indication of this device but also the benefits from other radiation techniques.
Stem cell transplantation
New insights into the autologous transductal stem cell transplantation have been documented as a viable xerostomia prevention strategy in HNC patients. Since 2004, several animal models studies were performed in which healthy submandibular and parotid gland stem cells were Fig. 2 a Clinical presentation of 674 the oral suqamous carcinoma involving the tongue after partial glossectomy. b Clinical presentation of the patient wearing the intraoral stent. The device incresed the distance between the maxilla and mandible, depressed the tongue, and stabilized the mandible collected prior to irradiation. These studies showed that the stem cells are capable to regenerate the function of the salivary gland by differentiation of these transplanted stem cells into functional salivary gland cells [43, 46, 48, 49] . These authors indicate that in the near future, these cells may have the potential to reduce xerostomia and hiposalivation.
AC camargo cancer center protocol for xerostomia prevention
As part of the AC Camargo Cancer Center's protocol, all patients with head and neck tumors who will be submitted to RT is referred to Stomatology Department in order to prevent or minimize the radiation oral adverse effects. Based on our experience and published researches [36, 57, 58] , we could establish a xerostomia prevention protocol, as follow:
We indicated the use of bethanechol (25 mg tablets) twice a day (12/12 h) from the beginning of radiotherapy to 1 month after the treatment. It is essential to observe that patients with bronchial asthma, peptic ulcer, hyperthyroidism, pronounced bradycardia, hypotension, coronary artery disease, epilepsy or Parkinson's disease are contraindicated. The use of intraoral stent during all RT sections with the intention of preventing unnecessary irradiation in the salivary glands due to depressing the mandible.
Conclusion
The solution to xerostomia may not reside in a single approach but rather in the use of a combination of agents. Further trials should focus efforts on the association of submandibular gland sparing and protection against radiation such as IMRT, intraoral stent and the use of preventive sialogogues. 
